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01 introduction

Architectural space has much more to offer than just its looks. Although
visible space is the primary domain of designers and architects, non-visible indicators
of space and the phenomenal characteristics of space have an equally important role in
determining the function and performance of the built environment. Acoustics in particular
can drastically change not only the subjective qualities of a space, but also quantifiable
human outcomes for the users of that space, such as patient wellness or student
performance. However, despite the phenomenological and functional justifications for
careful attention to acoustics in the design process, architects “receive little, if any,
education in acoustics. ... [A]coustics is a low priority – except when it is fundamental to
a building’s function (e.g. a concert hall)”, according to Raj Patel, writing for the RIBA.
While acoustic concepts have always mystified architects to some degree, the
development of modern architectural acoustics—spearheaded by Wallace Sabine—has
allowed architects to take a backseat in the process of specifying acoustic performance.
This passive position on acoustics in the design process coincides with a trend towards strictly
designing for the eye. The purpose of this thesis is to argue for including acoustic outcomes
as part of the design process, as well as to identify key factors in specifying the acoustic
performance of a space and to lay out rules of thumb for this process. By intentionally
designing for acoustic performance, we can significantly improve quality of life and
human outcomes while reducing the potential costs of further acoustic interventions.
To demonstrate acoustical principles, the project will include various sound spaces
capable of flexing in acoustic variables such as volume, geometry, and material assembly.
By controlling for all variables except for a few and enabling iterative study of these
select isolated factors, these spaces would present a hands-on learning opportunity
for architects looking to better understand the spatial aspects of sound. To emphasize
the unity of the phenomenal, artistic, and technical characteristics of acoustics, the
program of the project will take the shape of a recording studio, tying up and reflecting the
different ways we engage with our hearing in art and science. To that end, the acoustic
demonstration spaces will double as flexible recording and performance rooms.

vii
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1.1 abstract
Background
As part of the sensory experience, acoustics serves an important role in facilitating the social
functions of a space. The acoustic response of a space plays a part in determining its social
atmosphere, as well as how it functions for certain occupancies (eg. clarity in a classroom,
projection on a stage, fullness in an orchestra). The acoustics of a space is determined by the
assembly and materials of its envelope, as well as the occupation within. Commonly, specific
acoustic solutions like panels, foam, or sound batt insulation are used to manage or treat the
acoustic qualities of a space.
Research Focus
How can we define a design process for the acoustic response of a space? How can we define
an architectural design language to treat the acoustic response of a space? How can this design
process/language make architectural acoustics a more accessible topic for architects who do
not specialize in acoustics?
Research Methodology
Case studies of existing architectural spaces with acoustic solutions or non-solutions,
experimental research creating physical spaces with acoustic responses.
Design Outcomes
A recording studio featuring sound labs with flexible acoustic wall assemblies and systems, and;
a framework for evaluating the acoustic performance of a space given its dimensions, materials,
and occupancy/furnishings, as well as specifying these characteristics to achieve a given acoustic
response.
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1.2 thesis statement
Architectural space delivers multisensorial experiences that expand far beyond visual
stimuli. Although visual means constitute the primary approach of designers and architects,
non-visual design elements and the phenomenological characteristics of a space are equally
important in determining its function and performance. Acoustics in particular can drastically
change not only the subjective qualities of a space, but also objective, quantifiable human
outcomes for the users of that space, such as patient wellness or student performance.
While acoustic concepts have often mystified architects to some degree, the development of
modern architectural acoustics has influenced architects to deprioritize acoustic characteristics
during the architectural design process. This passive position on acoustics in the design process
coincides with a trend towards strictly designing for the eye.
Can the integration of acoustics in the design process result in better architectural
experiences? This thesis aims to explore the merits of including acoustic strategies in the
design process, thereby improving the design’s acoustic performance and enriching the overall
architectural experience. This thesis will demonstrate an acoustics-informed approach by
designing various sound spaces capable of flexing in acoustic variables such as volume, geometry,
and material assembly. By controlling for all variables except for a few and enabling iterative
study of these select isolated factors, these spaces would present a hands-on learning
opportunity for architects looking to better understand the spatial aspects of sound.
To emphasize the unity of the phenomenal, artistic, and technical characteristics of acoustics,
the architectural program of the project will take the shape of a recording studio, tying up and
reflecting the different ways we engage with our hearing in art and science. To that end, the
acoustic demonstration spaces will double as flexible recording rooms.
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i.
ii.
iii.

4

Historical typologies
Wallace Sabine
Disconnect between architects and acousticians
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2.1 history of architectural
acoustics
Historical typologies
Historical typologies associated with attention to architectural acoustics
tended towards entertainment or worship uses. These spaces included outdoor
amphitheaters, indoor theaters, and churches (Long, 2006). Their approaches to
acoustics evolved with historical building technology. The uses these buildings
fulfilled generally involved either music or speech. One example of the historical
technology used to manage acoustics before the advent of acoustic engineering
was Heimholtz resonators, in the form of “overturned … sounding vases …
centered in cavities on small, 150 mm high wedges so that the open mouth of
the vase was exposed to the stage” (Long, 2006).

6

Left: Figure 2.1.
St. Mark’s Cathedral,
Venice, Italy: Section
and plan view (from
Long, 2006, pg. 12).
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2.2 wallace sabine
The birth of modern acoustics
Wallace Sabine was a professor at Harvard who laid out the framework for
the field of architectural acoustics. When asked to “improve the faulty acoustics
of a university lecture hall in Harvard’s new Fogg Art Museum”, he set to
work, measuring acoustical phenomena by ear and chronograph (Thompson,
2002, pg. 34). Studying how sound behaved in several different rooms and
manipulating their acoustical properties by introducing seat cushions as
makeshift sound absorbers, Sabine eventually discovered and elaborated a
mathematical formula for the direct relationship between the reverberation
time of a space, its volume, and the surface area and absorption coefficient of
its materials (Thompson, 2002).
Following his discovery, there existed for the first time a way to predict
acoustical outcomes for a space and manipulate its qualities accordingly,
even before it was constructed. Prior to this time, architects could only make
assumptions and intuitions about how their designs would behave as acoustic
environments—often getting it wrong, having to retrofit or renovate their
designs, and getting it wrong again. Now, it was possible to make informed
and intentional acoustic design decisions.
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Left:
Figure
2.2.
Wallace Sabine (from
Harvard University).
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2.3 disconnect between
architects and acousticians
Breakdown between acoustic engineering and architecture
Sabine’s seminal work in the field of architectural acoustics meant that there
could be an acoustics expert to consult in architecture projects (Thompson,
2002). Most architects of the time wanted “a set of ‘fixed rules’” with which to
design acoustic spaces, and Sabine’s work allowed them more design freedom
while maintaining a desirable acoustic result (Thompson, 2002, pg. 33). However,
Sabine’s work and methods “clearly assigned responsibility for the final acoustical
result to the consulting scientist, not the architect” (Thompson, 2002, pg. 45).
In addition, “some designers thought that Sabine’s equation had ‘solved’
acoustic design … [and] that any room shape could be utilized, provided its
total room volume and total absorption situated it in the range of appropriate
reverberation times”—we now know that geometry plays a more important role in
determining the sonic character of a space than this way of thinking would have
suggested (Thompson, 2002, pg. 45; Ermann, 2015, pg. 115).
By assigning the responsibility for the acoustic response of architectural
spaces to engineers, architects absolved themselves of their own responsibility
in influencing the acoustics (Thompson, 2002). This engineer-first approach to
architectural acoustics leads to design processes that prioritize visual appearances
and result in acoustical problems that could easily be avoided.

10
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03 modern architectural acoustics
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3.1 contemporary acoustics design thinking
Contemporary acoustics design thinking
Contemporary acoustics design thinking is characterized by mastery of the basic physics behind acoustics,
as well as an understanding of various acoustic parameters and metrics, such as reverberation time, clarity, and
sound transmission.
Similarities between contemporary acoustics design and historical acoustics design
While much has changed for architectural acoustics since the first basilicas and concert halls were built,
similarities do remain. For example, many of the typologies that relied on good acoustics are still present—
churches, performance halls, and theaters are all still in much use today. In addition, the architectural forms
common in these typologies remain in use in new construction today, as architects continue to incorporate
lessons from the past into their contemporary designs. Finally, while architects of the past did not have access
to the wealth of knowledge and technology that we do now, they still understood and used certain acoustic
phenomena to great effect, like Helmholtz resonators or the focusing effect used to create “whisper galleries”.
These phenomena also still exist, and we can leverage them that much more effectively with modern acoustical
understanding in tow.
Differences between contemporary acoustics design and historical acoustics design
One of the biggest differences between contemporary acoustics design and acoustic design of the past is the
widespread availability of engineered acoustic materials, which afford acousticians and architectural designers
the ability to manipulate a space’s acoustic characteristics without significantly changing its size or shape.
Contemporary acoustics design often incorporates these materials to effectively shape the way sound behaves
within a space—in programmatic applications that are not related to music, speech, or noise, acoustic materials
are sometimes the only intentional intervention made towards the acoustic design of a space, such as in long
school hallways comprised of concrete or CMU block walls punctuated by rockwool panels. In contrast, historical
acoustics design mostly relied on traditional building materials to form spaces. The lack of material selection
did not stop architects of the past from innovating and creating great concert halls, but today’s designers and
acousticians benefit from the increased granularity, flexibility, and predictability of sonic control that engineered
acoustic materials provide.
Another significant difference that sets contemporary acoustics design apart is modern-day access to
software technologies which allow architectural acousticians to predict the acoustic characteristics of a space
as they are designing it. These computational acoustics tools leverage physics, geometry, and digital signal
processing to give designers an eye (or ear) into how sound will behave in their spaces before they are ever built.
This allows architects to anticipate defects in the acoustic environment and compensate for them, potentially
saving much on construction time and material costs.
Finally, today’s advanced technology has lead to the development of electroacoustic systems “including
microphones, amplifiers, loudspeakers, and other electronic processing instruments” which are capable
of recording and reproducing sound with great precision and fidelity exceeding that of an unamplified live
performance (Long, 2006, pg. 35).

14

Left: Figure 3.1. XSSS
(Experimental Sound Saving
System) by Hodgetts + Fung, a
felt acoustic absorber designed
to achieve both aesthetics and
acoustic function (2004, as cited
in Adams, 2017, pg. 69).
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3.2 acoustic materials
Acoustic materials
The first engineered acoustic materials were developed in the 1910s,
and they were often comprised of porous plasters or tiles composed of
cementitious materials and “fibrous or porous” aggregates (Adams, 2016, pg.
236). Other materials included acoustic felts, natural fibers, woods, porous
stones, and asbestos (Adams, 2016). According to Adams, contemporary
acoustic materials “are often required to serve more functions than simply
sound absorption … there are a number of performance requirements to
consider, including visual appearance, cost, ease of installation, durability,
cleanability, dimensional stability, mechanical strength, weight, and resistance
to impacts and abrasion” (2016, pg. 26).

Resonant materials and assemblies
Resonant materials and assemblies “absorb [sound energy] over a smaller
range of frequencies”. They can be used to “target specific noise problems”,
such as a room mode or the hum of electrical equipment. Adams states
that there are “two types of sound absorbers which absorb sound through
resonance—Helmholtz absorbers ... and membrane or panel absorbers”.
Helmholtz absorbers generally feature an enclosed open cavity with a smaller,
shorter “neck” opening—Adams offers the example of “[blowing] across the
top of [a] bottle” and hearing the resonant frequency it creates (2016, pg. 166).
Membrane absorbers, by contrast, do not typically feature a main opening;
instead, they are comprised of a resonant thin panel, which encloses an air
Porous materials
space. When excited by acoustic energy at the resonant frequencies, the thin
Adams states that porous materials are “the most common type of panel vibrates and acts as an absorber—the air space beyond resists this
acoustically absorptive material—soft, fuzzy, spongy materials like fibreglass, movement, functioning “like a spring”. The combined motion and resistance
foam, and heavy textiles”. There are several ways to manufacture porous between the panel and the enclosed air are what give these assemblies their
absorptive materials, and all the more raw materials to make them out of; absorptive power. Membrane absorbers are typically effective for attenuating
foams, fiberglass, or even concrete. Porous materials’ absorptive power reflections at low frequencies, and they “require significantly less material
comes from the “interconnected pores creating viscous effects that cause than a porous material for frequencies below 250 Hz” (Adams, 2016, pg. 170).
acoustic energy to be dissipated as heat”—more porous materials exhibit
more absorption, and “the more ... complex the path of interconnected pores,
Micro-perforated materials
the greater the absorption” (Adams, 2016, pp. 30–31).
Micro-perforated materials are “one of the newest sound absorption
technologies to emerge” (Adams, 2016, pg. 214). Micro-perforated
Facings
materials, like facings, rely on the fabrication process to impart acoustic
Facings can be used to protect an existing acoustic material, or to modify characteristics. Bearing “perforation diameters between 0.1–1.0 mm”, microits qualities and appearance. According to Adams,
perforated absorbers are capable of providing large amounts of absorption
in an extremely thin form factor—according to Adams, this is because the
A solid material can be fabricated to be acoustically transparent ... size of the perforations is what “creates enough acoustic resistance for
simply by adding perforations, cutting slits, or arranging the material sound absorption to occur”, and “the fundamental principle of absorption
with gaps [to] provide sufficient open area to allow sound unimpeded performance is largely independent of the type of material being perforated”
access to a porous backing material. (2016, pg. 144)
(2016, pp. 214–215). This makes micro-perforated materials very suitable in
applications where traditional acoustic materials may not be appropriate,
Because the fabrication process is what defines a material’s use as an “such as in healthcare, food preparation, micro-electronics fabrication, or
acoustic facing, there is a wide range of possibilities for facing manufacture— clean room environments”, as well as in engineering contexts such as “aircraft
some common acoustic facings include “sheet metal, expanded metal, and automobile applications” (Adams, 2016, pg. 215).
welded wire, timbre slats, or open masonry units. ... [F]abrics or films are also
commonly used to cover porous materials” (Adams, 2016, pg. 144).
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Far left: Figures 3.2, 3.3, 3.4,
3.5. Different kinds of acoustic
materials, coupled with their
acoustical
characteristics:
porous
absorbers,
panel
absorbers,
and
volume
resonators (from Ermann, 2015:
pp. 29, 31, 32).
Left: Figure 3.6. Different
kinds of flexible acoustical
material systems, designed
to change a wall’s acoustic
response from being diffusive
or absorptive to reflective (from
Adams, 2016, pg. 25).
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3.3 form and composition
Form and composition
The spatial configuration of the elements which enclose a room is a major
factor in determining its sound. The form of a room can effectively make or break
its acoustics—in the case of the latter, interventions like the use of engineered
acoustic materials can only go so far to rectify the issue, being able to break up or
diffuse problematic reflections, but never able to amplify or focus a weak sound
on their own.
Writing in the Architectural Acoustics Handbook, Ronald McKay, FASA, states
that “[t]here is a consensus among most design professionals about room and
surface forms to avoid or to use with extreme care when designing auditoriums”. He
continues by describing common pitfalls in auditorium design: concave surfaces
“like domes and vaults”, or curved vertical rear walls are to be avoided to prevent
problematic echoes, as are “hard, flat surfaces parallel to each other on opposite
sides of a sound source”, which cause flutter echoes. McKay also cautions against
fan-shaped halls, which reduce the audience experience of immersion by sending
lateral reflections “to the rear corners of the room” and may cause undue sound
energy attenuation for the rearmost parts of the audience (McKay, 2017, pg. 413).
Common contemporary forms and programmatic compositions
Common forms of concert halls include the shoebox hall, the fan-shaped hall,
the reverse-fan-shaped hall, and the terraced surround hall (Ermann, 2015, pp.
85–86). Common forms of theaters include prosceniums, where a wall with an
aperture separates the stage from the audience, and thrust halls, “wherein the
acting platform thrusts noticeably into the audience area”, although there are more
experimental configurations as well, including theaters in-the-round (Conant, 2017,
pp. 462–463). According to Ermann, shoebox halls enhance the immersion effect
and “have, on average, higher sound strength levels” (2015, pp. 85, 78). Ermann
and McKay concur that fan-shaped halls struggle to deliver lateral reflections to
the audience, which is a “disadvantage for music”, but “may be an advantage
for spoken word” (Ermann, 2015, pg. 85)—McKay offers the potential remedy of
“[b]reaking the side walls into facets nearly parallel ... to the hall centerline and
stepping them from front to rear” to return the sense of audience immersion,
while Ermann proposes the reverse-fan-shaped hall, which turns the side walls of
the fan-shape inwards (McKay, 2017, pg. 413; Ermann, 2015, pg. 86). Finally, the
terraced surround hall provides a sense of visual intimacy that may enhance the
audience experience (McKay, 2017, pg. 425).

18

Left, middle: Figures 3.7,
3.8. Different forms of concert
halls, with benefits and design
consequences for each (from
Ermann, 2015, pp. 85–86).
Right: Figure 3.9. Different
contemporary
forms
of
theaters (from Conant, 2017,
pg. 463).
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3.4 electroacoustic interventions
Electroacoustic interventions
Electroacoustics refers to the use of electronic systems to augment or
manipulate the acoustic environment of a space. This can include “microphones,
amplifiers, loudspeakers, and other electronic processing instruments” (Long,
2006, pg. 35). While the main function of these systems that comes to mind is
reinforcing speech, there are certainly many more ways that electroacoustics can
reinforce sounds:
playback of prerecorded or transmitted material, distribution to the hearing
disabled, simultaneous translation, sound effects including surround
sound and bass effects in motion picture theaters, artificial reverberation,
synthesized music such as electronic organs, paging, intercom, and
recording. (Long, 2006, pg. 611).
Electroacoustics is not limited to reinforcement, either—these systems can
mask or mitigate unwanted sounds, improve speech privacy, or enhance the
reflections within a room (Patel, 2019, 53).

Left, above: Figure 3.10.
Photograph of Arup’s electro
acoustic
SoundLab
Shanghai,
simulating a stadium. The system
contains
a
surround
sound
matrix with twelve loudspeakers
surrounding the listener, creating
an immersive aural environment
capable of simulating different
acoustic
environments.
In
SoundLab Shanghai, the four
projector walls surrounding the
users are acoustically transparent to
create a full audiovisual simulation
(from Patel, 2019, pp. 170–171).
Left,
below:
Figure
3.11.
Photograph of Arup’s SoundLab
New York in use, emulating the
sound of a concert hall (from Patel,
2019, pp. 170–171).

Technology and acoustics
Recent advances in acoustics technology have made it possible to represent
acoustic environments in virtual space and “recreate genuine 360-degree
spherical sound experiences”. One example of a system capable of such acoustic
representations is Arup’s SoundLab, which leverages an ambisonic surround
sound loudspeaker matrix to generate realistic auralizations of unbuilt and built
acoustic spaces (Patel, 2019, pp. 169–170).

20
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3.5 computational acoustic
design methods
Parametric and computational acoustic design methods
Computational design refers to the use of computer algorithms to explore and
generate design decisions that would not normally be possible with human means.
This may mean processing hundreds of calculations or geometry transformations
in a short amount of time. Computational design methods often involve designing
processes to manipulate data, parameters, or geometry, rather than designing
those things as such. Parametric design is a closely related concept, which
involves using computers to explore and generate design decisions based on
parameters, or rules, established by a designer—parameters can come from a
variety of sources, including people, geometry, data, or the environment.
Implications for acoustic design
Computational design methods can be used by architectural acousticians to
improve the design process by automating acoustical calculations and simulating
acoustic performance, as well as allowing designers to explore geometry based
on desired acoustic characteristics and “incorporate acoustic analysis algorithms
directly into ... architectural CAD software” (Peters, 2010, pg. 339). Figs. 3.11–3.14
document a project by Brady Peters that followed one such computational design
process. Peters specified acoustic effects—one area with a dead quality and
one with an amplified or focused quality—and solved for geometry and material
characteristics that would exhibit those effects (Peters, 2011).

Left, above: Figures 3.12
and 3.13. “Distortion 2.0”, a
c o m p u t at i o n a l l y- d e s i g n e d
acoustic installation which
creates “differentiated acoustic
conditions” (Ingvartsen, 2011;
as cited in Peters, 2011).
Left, below: Figures 3.14
and 3.15. Diagrams from the
acoustic design process of
Distortion 2.0 (Peters, 2011).

Material modeling and simulation
Geometric acoustic analysis is one form of acoustic simulation that uses
“geometrical features and the acoustic properties of the materials applied to the
surfaces” to predict the acoustic performance of a given space. By simulating
the area and material of the surfaces in a space, architects and acousticians can
correct acoustic performance defects earlier in the design process, saving time
and money and “[enhancing] design quality” (Badino et. al., 2020, pp. 247–248).
Pachyderm Acoustic for Rhino
One example of a computational acoustic design software suite is
Pachyderm Acoustic for Rhinoceros and Grasshopper (Milo, 2019, pg. 5).
Pachyderm is a free-and-open-source geometric acoustic simulation toolkit that
“[allows] professionals to estimate the performance of design proposals using the
geometrical acoustic method” (Badino et. al., 2020, pp. 248, 271). Being a free
software suite, Pachyderm makes acoustic analysis and computation acoustic
design processes accessible to architects and designers.

22
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04 basics of sound

Understanding the basics of how sound works is the first step to deciphering the
way architectural acoustics works. All sounds are composed of energy in the form
of waves, which move through a medium like air, water, or solid objects, and which
all have three qualities—sound level, frequency, and propagation (Ermann, 2015).

24
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4.1 basics of sound: wave physics
Wave physics
Sounds are composed of vibrating molecules transferring energy through a medium—such
as air, water, or solid things—over time. They are perceived when this energy passes into the ear
through the air. Each molecule in the air is moved by the molecule adjacent to it, and moves the
following molecule after it, before returning to its original position. This interaction is repeated
hundreds or thousands of times per second, with air molecules receiving and transmitting energy
to the next, before a sound travels from its source to the ear. This transfer of energy is described in
terms of waves—with “compression and rarefaction of molecules in [a given] medium”—and each
sound wave has three characteristics: loudness, frequency, and propagation (Adams, 2016, pg. 8;
Ermann, 2015).
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Left: Figure 4.1. Frequency,
wavelength,
and
particle
displacement
(compression
and rarefaction). (Adapted from
Ermann, 2015 and Adams,
2016).

amplitude

Frequency
The frequency of a sound wave determines the quality of the sound that it comprises—lower
frequency waves, which make up lower-pitched and bass-heavy sounds, carry more energy at
equivalent amplitudes than higher frequency waves, which constitute high-pitched and sibilant
sounds. The frequency describes a physical quality of the sound wave: how often excited molecules
strike the eardrum—or more generally, how often a wave passes a fixed point in space—measured
in hertz (Hz), equivalent to wave cycles per second. The frequency, then, describes the number
of events per second; the greater the frequency, the more often the sound wave strikes the ear
(Ermann, 2015). The frequency of a wave is reciprocal to its period, or the amount of time that
passes between cycles of a wave. According to Adams, “frequency can also be described in
terms of wavelength, the spatial distance over which the wave’s shape repeats itself” (2016, pg. 9).
Wavelength influences how a sound will interact with objects that it passes through based on their
size, and can be expressed as a direct relationship between a wave’s frequency and the speed at
which it travels through a medium (Adams, 2016).
The range of human hearing generally spans from 20 hertz to 20,000 hertz, with the upper
bound of hearing decreasing with age. Below 20 Hz, sounds are perceived as rhythm rather than
tones. Sounds of very high frequencies slowly roll off, becoming less and less audible as they
approach 20,000 Hz, where they become completely inaudible (Ermann, 2015).
Human speech is mostly localized to the 1,000 hertz to 3,000 hertz region, with vowels hovering
around the 1,000 Hz region and consonants lying within the 3,000 Hz to 4,000 Hz region (although
sometimes going as far up as 8,000 Hz). This range is also where the human ear is most sensitive,
and the auditory system is better at localizing these sounds in space than lower frequency sounds—
making a human voice or footsteps easier to locate by sound alone than, say, the low rumble of
HVAC or motor vehicles (Ermann, 2015).

wavelength

shorter wavelength
higher frequency
brighter character
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Conversely, a sound in the 50 Hz or 15,000 Hz regions that appears to
be of equal loudness to a sound in the 1,000 Hz region will actually have a
sound pressure level far above that of the sound in the 1,000 Hz region. These
differences in apparent loudness themselves vary by sound pressure level,
and they are described by equal-loudness contours. Points that lie along an
equal-loudness contour are expected to be perceived as equally loud by the
average listener despite their differing sound pressure levels, and their shared
loudness level is measured in phons to differentiate them from sounds that do
not lie along a loudness contour (Long, 2006).
In order to simplify the measurement of loudness within “the varying
sensitivity of human hearing across the frequency spectrum,” one can use
the A-weighted decibel, which takes into account this variation in sensitivity
(Ermann, 2015, pg. 20). This weighting system is a rough approximation of
the 40-phon Fletcher-Munson equal-loudness contour, originally developed
to accommodate analog sound level meters and used to measure loudness
in single numbers when taking a measurement of the frequency spectrum
would be cumbersome or unnecessary (Long, 2006).
Propagation
Sound travels outwards radially—in all directions—from a source point. In
the air, sound travels at a speed of about 343 meters per second, or around
1,100 feet per second. It travels faster in water, solid materials, and any medium
denser than air. As sound travels through the air, it loses energy, “shedding six
decibels per doubling of distance” (Ermann, 2015, pg. 12). However, sounds
indoors and near the ground will bounce off of nearby surfaces, increasing
in apparent sound pressure level. Corners intensify this effect the most,
increasing the sound intensity by as much as 9 decibels (Ermann, 2015).

Tonality
Every sound can be broken down into constituent partial sine waves
at different frequencies and phases. The composition of partial waves
throughout the frequency spectrum that make up a sound determine its
timbre, or tonal quality. Sounds comprised of mostly one or very few partials
are heard as pure tones, like whistling, or some alarms. These sounds can
be disruptive when unexpectedly encountered, since they are quite rare in
nature. Most musical tones are comprised of one loud partial, known as the
Loudness
fundamental, and several quieter partials at frequencies that are multiples
Different frequency ranges contribute differently to loudness—a sound in
of the first, known as harmonics. Most everyday sounds are comprised of
the 1,000 Hz to 3,000 Hz region of the frequency spectrum will appear louder
complex arrangements of uncorrelated partials (Ermann, 2015).
than a sound of similar amplitude in the 50 Hz or 15,000 Hz regions.
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threshold of pain
audible range
of hearing

120

sound pressure level (decibels)

Amplitude
The higher the amplitude of a sound wave, the greater the energy it
carries—and consequently, the louder it becomes. While amplitude is a
physical characteristic of waves, loudness is a characteristic of human
perception—different sounds with similar amplitudes may appear quieter or
louder depending on duration, frequency, and other factors. In the same vein,
while amplitude describes a wave, there are different ways of describing a
sound’s strength depending on where it is measured: according to Ermann,
“[s]ound power (W) describes the strength at the source, and sound intensity
(I) or sound pressure (P) describes the strength at the receiver, accounting
for distance, room surface sound absorption, room geometry, and other
environmental effects” (2015, pg. 5). Wave amplitude—measured at a
receiver such as an ear or a microphone—is expressed as sound pressure P,
in newtons/m2—a measurement of force over an area—and sound intensity
I is expressed in watts/m2—a measurement of energy over an area. At the
source, sound power W is measured in watts alone.
However, in the context of architectural acoustics (and several others) it is
preferable to use the decibel, which describes all three of these measurements
on a logarithmic scale suited to human hearing: zero decibels sound pressure
level is equivalent to the threshold of hearing, and 100 decibels begins to
approach the threshold of pain (Ermann, 2015). The logarithmic, fractionated
nature of the decibel results in a few “peculiar but consistent and easy-touse” constants (Ermann, 2015, pg. 6; Long, 2006). They are as follows: when
doubled in amplitude or quadrupled in power, sounds measure six decibels
louder; when two sounds of equal level are combined, the new sound
measures three decibels louder; and when a sound is doubled in apparent
loudness, it measures ten decibels louder (Ermann, 2015; Long, 2006). In the
same vein, because of the decibel’s logarithmic nature, the rules for adding
decibel measurements of simultaneous sounds are a little different. Sounds
that are quieter by nine decibels do not add to the sound pressure level,
while sounds that are quieter by four to eight decibels merely add around
one decibel to the higher sound pressure level value, and sounds that are
quieter by two or three decibels add around two decibels. Again, sounds of
an equivalent level produce a measurement three decibels higher than the
original value (Ermann, 2015).
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Left: Figure 4.2. Audible range
of hearing, incidence of music and
speech, thresholds of hearing and
pain, and equal-loudness contours
(adapted from Ermann, 2015;
Adams, 2016; Patel, 2019).
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4.2 basics of sound:
reverberation
Wave physics: reflection
When sounds moving through particles in the air reach a surface, part of the
energy making up the sound passes through the surface, part of it is absorbed by
the surface, and part of it is reflected off of the surface. These reflections make
up a large part of how sounds are perceived within a space, as well as how the
character of the space itself is perceived (Ermann, 2015).
Sounds composed of medium and high frequencies will bounce quite easily off
of surfaces and even large objects due to their shorter wavelength, while sounds
made up of lower frequencies are less likely to bounce. They tend to act like waves
instead, sometimes resonating in place and manifesting as a buildup of energy at
a particular frequency (Ermann, 2015, pg. 113).
Reverberation time
Reverberation time is “the most widely applicable room acoustics measurement
in the greatest number of room types” (Ermann, 2015, pg. 62). It relates to the
amount of time it takes for a sound’s reverberance—the complex reflections of
sound that occur in a room after the first few, clear early reflections—to decay by
a certain number of decibels, usually sixty. Reverberation time is directly related
to a space’s volume and its component materials’ surface areas and absorption
coefficients.

Left:
Figure
4.3.
Sound
absorption, transmittance, and
reflection of various materials
(Ermann, 2015, pg. 26).

Reflection quality—clear vs. diffuse
Clarity is the quality of “the differentiation of each syllable and musical note”,
where “both the direct sound and the very early sound reflections that arrive just
after the direct sound” are maximized (Ermann, 2015, pg. 66).
Sound absorption
Sound absorption, measured with the absorption coefficient, refers to the
ability of a material to either absorb or pass sound through itself, rather than
reflecting it—generating small amounts of heat in the process (Ermann, 2015, pg.
27; Patel, 2019, pg. 47). Patel states that one square foot of perfect absorption (as
in an open void in a wall) is equal to one sabin—the unit of measurement for sound
absorption—and that materials with an absorption coefficient of 0.5 or higher are
considered absorptive materials, while materials with a coefficient below 0.2 are
considered reflective (2019, pg. 47).

30

linking architecture and acoustics | 31

4.3 basics of sound:
noise and transmission
Basics of sound transmission
Sound transmission is the movement of sound through a wall, ceiling,
or floor by “[traveling] through the air ... [and radiating] through the panel
to the other side” (Ermann, 2015, pg. 140). Materials which are effective at
mitigating sound transmission are said to have a high sound transmission
class, and there are a number of ways to improve the sound transmission
class of a building assembly.
Frequency content—low vs. high
Low-frequency sounds pass through materials differently than midand high-frequency sounds, “[traveling] far, and easily [moving] through
some building assemblies, particularly lightweight constructions” (Ermann,
2015, pg. 141). In addition, higher frequencies dissipate more quickly in the
air and are therefore less likely to transmit through building elements.
Types of noise
Noise is determined by several factors, and there are different qualities
that it takes on—intermittent sounds, such as impact noise or community
noise are more disturbing than constant noise, like mechanical or electrical
noise, and the level of noise that people are willing to tolerate is partially
determined by the level of quiet they need for a given activity (Ermann,
2015, pg. 152). There are several types of noise, including background
noise, impact noise, community or environment noise, and mechanical
system noise (Ermann, 2015).

Above, left: Figure 4.4. Different kinds of wall
assemblies, paired with similar assemblies with
improved acoustical noise control characteristics
using air spaces (from Ermann, 2015, pg. 136).
Above, center and right: Figures 4.5, 4.6.
Baseline wall assemblies and improved wall
assemblies using structural discontinuities (from
Ermann, 2015, pp. 137, 138).
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5.1 architectural
phenomenology
of acoustics

Phenomenology of a cityscape’s acoustics
Pallasmaa makes a suggestion towards how acoustics
contributes to perceived phenomena within the city, stating that
hearing may create a “sense of connection and solidarity”, and
offering the example of “[t]he sound of church bells through the
streets [which] makes us aware of our citizenship” (Pallasmaa, 2007,
pg. 31). Schafer takes it a step further, expanding the phenomena
of room acoustics and of environmental noise into a holistic system
of “acoustic ecology”.

Architectural phenomenology of acoustics
While the physical behavior of sound can be described
mathematically, its effects on the built environment have a
significant qualitative component—that is to say, the way
acoustics affects how we interact with and within our surroundings
cannot be explained through calculations alone. Instead, some
architectural theorists describe architectural acoustics in terms
of phenomenology, the study of consciousness and perception.
Pallasmaa is one such theorist, and he suggests that a dominance
of vision in the perception of architecture has lead to a flattening of
Schafer’s principles of acoustic ecology
phenomenological exploration, making the world “a hedonistic but
Milo states that Schafer’s “soundscape”, or cultural symbology
meaningless visual journey”. Pallasmaa also writes that before this of acoustics, featured four core principles which contributed to a
dominance of vision, hearing held “a primordial dominance” over healthy “acoustic ecology”, or system of sounds “in relationship with
the senses (2012, pg. 25).
life and society”. These four phenomenological principles included
“respect for the ear and voice”, awareness of “sound symbolism”
Phenomenology of architectural room acoustics
beyond functional uses, an understanding of the “rhythms and
Another acoustical perspective on architectural phenomenology tempos of the natural soundscape”, and an “understanding of
comes from Barry Blesser, an electrical and audio engineer. the balancing mechanisms” that exist within it (Milo, 2019, pp.
Blesser writes about “aural architecture”, a term that describes the 6–7). For Schafer, all of these principles lend themselves to good
complex interactions between acoustics and architecture through acoustic design, which he was careful to emphasize as a process
“[t]he composite of numerous surfaces, objects, and geometries in of becoming rather than a strict rule.
a complicated environment” to create a designed sonic experience
(Blesser & Salter, 2006, pg. 2). For Blesser, the phenomena that
contribute to aural architecture involve and evoke “[a] complex
amalgam of spatial attributes, auditory perception, personal history,
and cultural values, auditory spatial awareness” (Blesser & Salter,
2006, pg. 11).
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5.2 common design parameters
Parameters
Some of the architectural design parameters that directly impact the character
of a room’s acoustics include size, form, geometry, interior finishes, wall
assemblies, occupation, and space planning. Making informed decisions about
these characteristics from the outset of a building’s design can mean improved
performance outcomes and reduced costs.
Form and geometry
Size affects room acoustics by changing the reverberation time of a space—the
closer the walls of a room are to each other, the more often a sound will encounter
these walls and lose energy. This means that larger spaces are more prone to
having audible echoes—an echo will be heard after the sound that created it,
rather than as part of the sound, as in a smaller space.
The form and proportions of a room will change its sound, too: according to
Patel, “[a] room with a small plan area that is very tall sounds very different to a
space with a large plan area that has a low ceiling” (2019, pg. 44). Rooms that
have cube-like proportions are prone to standing wave issues, where frequency
resonances build up at specific points and are strongly attenuated at others—
this is especially problematic in small rooms with reflective surfaces like music
practice rooms, music production studios, recording/broadcast studios, or
teleconferencing rooms (Patel, 2019, pp. 44–45; Ermann, 2015, pg. 113).
The shape of a room, too, has an effect on how sounds behave—for example,
the inclined surface that raked seating provides allows an equal amount of sound
to reach more parts of an audience, and in plan, room resonances and early
reflections can be mitigated by angling walls and ceilings.
Materials
The materials that a room’s boundaries are made up of have a significant
affect on the quality of its reflections—the interior finishes can be “sound
reflecting, sound-diffusing, or sound-absorbing, which can be achieved through
a combination of material selection and surface shaping” (Patel, 2019, pg. 45).
These different functions can be manipulated to impart different qualities, ranging
from clarity through early reflections, to echoes that may be undesirable in speech
applications, to immersion—the quality of being “enveloped” in sound within a
space—and diffusion, where it becomes difficult to locate reflected sounds and
direct sounds are “not particularly prominent over the reverberant sound” (Patel,
2019, pg. 46).

38

linking architecture and acoustics | 39

5.3 desired outcomes

Desired outcomes—parameters
Reverberation time
Reverberation time is the time it takes for a sound to decay by
60 decibels. Patel states that different programs “require different
reverberation times in order to achieve their intended functionality,”
and that “[r]everberation time can also serve as a guide for the
required room volume at the early stages of a project” (2019, pg. 50).
Generally, unamplified music applications will require reverberation
times of at least one second and typically above 1.2 seconds, while
unamplified speech applications will need reverberations times
below 1.3 seconds and typically around 0.75–1.1 seconds (Egan,
2007, as cited in Ermann, 2015, pg. 65).
Early decay time
Early decay time is the time it takes a sound to decay by ten
decibels, multiplied by six. Patel states that the early decay time
“is considered to correlate better than [reverberation time] with the
subjective impression of ‘running’ reverberance ... and ... for the
assessment of speech intelligibility in non-diffuse environments
where a distributed loudspeaker system is the source”—according
to Ermann, early decay time “as proven to be more highly correlated
to subjective rankings of concert halls than other methods of
measuring reverberance” (Patel, 2019, pg. 51; Ermann, 2015, pg.
62). For concert hall applications, it was found that the preferred
early decay time value was around 2–2.3 seconds (Beranek, 1996
as cited in Long, 2006, pg. 669).
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Sound absorption coefficient
Sound absorption coefficient refers to the “area-weighted
average” of the different materials within a space (Ermann, 2015,
pg. 34). A higher sound absorption coefficient will lend a space
a less reverberant, or more “dead” sound—conversely, a lower
sound absorption coefficient will lead to a more “live” sound. Music
applications demand higher reverberation times and therefore
lower sound absorption coefficients.
Speech transmission index
Speech transmission index measures the “intelligibility of
speech in a room. ... In any space of large public occupancy ... the
desirable target is STI = 0.5 ... For spaces that are speech critical ...
STI = 0.6 or higher should be expected” (Patel, 2019, pg. 51).
Clarity
Clarity is similar to the speech transmission index—it measures
the “differentiation of each syllable or musical note”, where “both
the direct sound and the very early sound reflections that arrive
just after the direct sound” are maximized (Ermann, 2015, pg. 66).
Clarity is measured with the clarity index, or the early-to-late signalto-noise ratio—the ratio of “the sound energy arriving before, to tat
arriving after, the first 80 milliseconds from the arrival of the direct
sound” (Long, 2006, pg. 673).
Sound transmission class
Sound transmission class refers to the amount of sound a
building assembly attenuates. Sound transmission class can be
manipulated through the use of various wall assemblies—some of
the features that can improve a wall’s ability to attenuate airborne
sound include airtightness, mass, structural redundancy, resilient
connections, and the use of sound-absorbing materials within the
wall cavity (Ermann, 2015, pp. 148–151). These features also affect
speech privacy and speech clarity.

reverberation time, 500 hz (seconds)

Performance considerations
Performance considerations for architectural program include
room acoustics, speech intelligibility, audio systems design, internal
and external sound insulation, speech privacy, vibration isolation,
mechanical/electrical noise, structural noise, and environmental
noise (Patel, 2019). These concerns will vary in priority from program
to program, but they are all important to consider during the design
process—the positions taken on these issues will inform the final
acoustic character of the constructed spaces.
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Left: Figure 5.1. Desirable
reverberation time for various
architectural programs (Adapted
from Adams, 2016, pg. 21; Patel,
2019, pg. 50).
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Desired outcomes—programmatic needs
Speech
Speech applications focus on communication, so spaces for
speech applications tend towards more dry or even dead sound. Some
Multi-functional
relevant acoustic metrics for speech applications include reverberation
Some programs, such as churches or theaters, will be used for both
time, speech intelligibility index, and clarity.
speech and music applications—sometimes simultaneously—so their
acoustics will need to be able to effectively address both. Some designs
Lectures, conference halls
respond to this dual need with variable acoustic systems, while others
Typical reverberation time requirements for lectures or conference take the average of acoustic requirements of both music and speech
halls will fall between 0.5–1.1 seconds (Patel, 2019, pg. 50). These to reach a balance between the two. Both approaches have their
programs’ speech intelligibility index requirements will typically lay benefits and drawbacks—variable acoustic systems are challenging
around STI = 0.6 or higher (Patel, 2019, pg. 51). Likewise, more clarity to implement properly and often require more attention to detail than
will aid in the use of these spaces.
static acoustic treatments to be effective, while acoustic designs that
seek to reach a balance between suitability for speech and music may
Broadcasting studios
end up failing to be appropriate for either (Ermann, 2015, pg. 120). The
Typical reverberation time requirements for broadcasting studios acoustic metrics relevant to multi-functional spaces include both those
are even more stark, falling around 0.35–0.4 seconds. Again, good useful in music and in speech applications—reverberation time, early
intelligibility and clarity are critical to the effective use of these spaces decay time, speech intelligibility, clarity, and subjective measures like
(Patel, 2019, pg. 50–51).
warmth and immersion will all need to be addressed.
Music
The subjective nature of music as an art form means that musical
acoustics must also wrestle with more subjective, qualitative measures.
Some relevant acoustic metrics for music include, but are not limited
to, reverberation time, early decay time, sound absorption coefficient,
clarity, and speech intelligibility index in the case of music with speech.
Other, more subjective qualities might include warmth, intimacy, and
immersion.

Places of worship
Acoustic requirements in places of worship will depend on
their programming—music-focused churches will require higher
reverberation times and levels of immersion, while speech-focused
churches will require higher levels of clarity and speech intelligibility.
Ermann recommends specifying “a long reverberation time for music
and an excellent amplification system for speech in cases where
neither speech nor music dominates the service” (2015, pg. 121).
Reverberation times for churches may go as long as two or three
Concert halls
seconds in the largest music-focused spaces, or as short as 0.8–1.4
Concert halls will generally require reverberation times of one seconds in smaller, speech-focused spaces (Patel, 2019, pg. 50).
second or longer—preferably in the range of 1.7–2.0 seconds (Patel,
2019, pg. 50; Ermann, 2015, pg. 104). A strong sense of immersion is
Theaters/auditoriums
also desirable, as are warmth and intimacy (Ermann, 2015, pg. 104).
Like in places of worship, the acoustic requirements in theaters
and auditoriums will depend on their intended use. Ermann’s
Recording studios
recommendations include to “[p]rovide clear sightlines to the stage”,
Like broadcasting studios, recording studios tend towards drier “[d]esign buffer zones ... between the theater house and noisy spaces”,
reverberation time requirements, in the range of 0.5–0.75 seconds and “[s]hape the ceiling and walls to provide strong early sound
(Patel, 2019, pg. 50). This means that they require “ample absorption reflections—and prohibit strong late sound reflections” (2015, pg.
on most surfaces”. In addition, recording studios require materials and 120). Reverberation times for dramatic arts spaces can go as short as
assemblies with high sound transmission class indexes to attenuate 0.8–1.2 seconds, while reverberation times for operatic performance
sound from traveling between spaces and prevent noise from entering spaces can range from 1.4–1.7 seconds (Patel, 2019, pg. 50).
or exiting the building (Ermann, 2015, pg. 122).
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Room acoustics | Speech intelligibility | Audio systems design | External sound insulation | Internal sound insulation | Speech privacy | Impact/vibration isolation | MEP noise | Structural noise | Environmental noise
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Above: Figure 5.2. Acoustic design priorities, by building typology.
Generally, great acoustic design demands attention to room acoustics, noise control, speech
intelligibility, and the potential for audio systems to enhance the acoustic environment, even in subtle,
unexpected, or undetectable ways.
H: High priority
M: Medium priority
L: Low priority (Adapted from Patel, 2019).
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5.4 iterative studies:
demonstration

Left: Speech sample, no
reverberation (RT 0.00 seconds).

Iterative studies—Demonstrating via simulation
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Left: Speech sample, room
quality 1: medium tiled room,
RT ~0.275 seconds. Impulse
response shows an early
reflection that may result in
clarity for speech applications.

0

0

-5

-5

-10

-10

-15

-15

amplitude (decibels full scale)

amplitude (decibels full scale)

Left:
Speech
sample,
anechoic recording: RT 0.00
seconds.

-20
-25
-30
-35

-25
-30
-35

-40

-40

-45

-45

-50

-50

-55

-55

-60

0.1

0.2

0.3

0.4

0.5

0.6
time (seconds)

46

-20

0.7

0.8

0.9

1.0

1.1

1.2

-60

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

time (seconds)

linking architecture and acoustics | 47

0

0

-5

-5

-10

-10

-15

-15

-20
-25
-30
-35

-20
-25
-30
-35

-40

-40

-45

-45

-50

-50

-55

-55

-60

0.1

0.2

0.3

0.4

0.5

0.6
time (seconds)

48

Left: Speech sample, room
quality 2: large room/hall, RT
~1 second. Impulse response
shows gradual tail that may
provide musical enhancement
in
intimate
performance
conditions.

amplitude (decibels full scale)

amplitude (decibels full scale)

Left: Speech sample, room
quality 2: small fabric room,
RT ~0.2 seconds. Impulse
response shows immediate
diffuse reflections which may
hamper clarity in some speech
applications.
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06 precedent analysis
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6.1 lucerne culture and congress centre (jean nouvel)
flexible acoustic systems, geometry, volume

Lucerne Culture and Congress Centre
Concert hall and cultural center, 22,000 m2
Les Ateliers Jean Nouvel, 1998
Lucerne, Switzerland
Parameters of interest: Flexible acoustic systems,
geometry, volume
This project features a coupled-volume shoebox hall in
which motorized concrete doors open and close between
one volume and another smaller volume inside. Coupledvolume halls exhibit a “double-sloped” decay, where new
reverberation characteristics emerge from the acoustic
interaction between the two volumes. In order to produce the
double-sloped decay, the concrete doors must be opened to
about “1% of the total surface area of the room”—any more
than that, and the hall will begin to take on the characteristics
of the surrounding larger room (Ermann, 2015, pg. 72).
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Opposite, center: Figure 6.1.i. An adjustable
ceiling reflector allows for further modification of
the hall’s reverberation characteristics. When the
reflector is lowered, it produces a clear echo that
brings sound to the performers and the audience. It
can be raised all the way to directly below the ceiling
(from KKL Luzern).
Opposite, bottom left: Figure 6.1.ii. Adjustable
concrete walls couple the concert hall with a
surrounding echo chamber, allowing for changes in
the hall’s reverberation time and quality (from Les
Ateliers Jean Nouvel).
Right, above: Figure 6.1.iii. Coupled-volume hall
diagram (adapted from Ermann, 2015, pg. 70).
Right, below: Figure 6.1.iv. Impulse response
diagram of coupled-volume hall (from Ermann,
2015, pg. 71).
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6.2 dee and charles wyly theatre (rex + oma)
transformable program

Dee and Charles Wyly Theater
Performing arts theater, 7,700 m2
REX and OMA, 2009 · Dallas, Texas, U.S.
Parameters of interest: Transformable program
This project features a transformable stage that is capable
of moving from an open floor to a proscenium or thrust stage.
The transformable stage is a cost-saving measure that enables
the theater to hold many different kinds of performances. This
flexible performance space is made possible by motorized
assemblies in the floor, ceiling, and walls, which shift to create
spaces for additional seating. This change in the amount of
seating—and change in number of audience members that
comes with it—changes the acoustic quality of the space,
meaning that a production in the proscenium configuration
may sound different—perhaps clearer, appropriate for
speech applications—from a production using the thrust
stage configuration—which might sound more reverberant,
appropriate for musical applications.
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Opposite: center, bottom left: Figures 6.2.i,
6.2.ii. Photographs of the Dee and Charles Wyly
Theatre (from REX & OMA).
Opposite, bottom center: Figure 6.2.iii. A
photograph of the theater in use, in the thrust stage
configuration. The theater is capable of transforming
into different stage configurations, enabling it to
host a variety of different kinds of productions (from
REX & OMA).
Right: Figure 6.2.iv. Plan drawings of the theater
in its different configurations (from REX & OMA).
Far right: Figure 6.2.v. Time-lapse photographs
of the stage, transforming from the flat floor
configuration to the thrust stage configuration (from
REX & OMA).
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6.3 sonorous museum copenhagen (creo arkitekter + adept)
materials

Sonorous Museum Copenhagen
Museum, 3,500 m2
CREO ARKITEKTER and ADEPT, 2015
Copenhagen, Denmark
Parameters of interest: Materials
This museum for historical musical instruments features
various acoustically treated rooms, each suited for a specific
kind of instrument family. A room for percussion instruments
features wood slats backed with absorptive batt insulation to
diffuse and absorb sharp, transient sound energy, while felt
panels lend some absorption to an otherwise bright room,
meant to house brass instruments. Likewise, a room for string
instruments uses perforated wood panels to absorb overly
bright reflections characteristic of the string family.
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Above: Figure 6.3.i. Detail sections showing
different acoustic materials (adapted from CREO
ARKITEKTER & ADEPT).
Right, above: Figures 6.3.ii, 6.3.iii. Wood slats at
varying thicknesses and offsets provide a softening
diffusion effect appropriate for this room, which
houses percussion instruments that generate
sharp transient information. The form of the room
is rounded, adding a focusing effect (from CREO
ARKITEKTER & ADEPT).
Right: Figures 6.3.iv, 6.3.v. Felt panels
interspersed with wood veneer alternately temper
and reflect the bright, harmonic timbral information
associated with brass instruments, adding a
musical sense of warmth to the space (from CREO
ARKITEKTER & ADEPT).
Right, below: Figures 6.3.vi, 6.3.vii. Perforated
wood panels act as porous absorbers in this room
dedicated to string instruments, in order to control
any overly bright reflections that could be fatiguing
to the ear (from CREO ARKITEKTER & ADEPT).
Opposite: Figure 6.3.viii. Photograph of
Sonorous Museum Copenhagen (from CREO
ARKITEKTER & ADEPT).

creo arkitekter + adept sonorous museum copenhagen | precedent | 57

154.01
º

º
90

10

107
.4

2º
7.4

Opposite, top right: Figure 6.4.iv. Photograph
of different acoustical materials. Fabric panels and
bass trap panels provide absorption of standing
waves and early reflections which would hinder
the precision needed for monitoring a vocalist,
instrumentalist, or recorded music inside a control
room. Wooden diffuser panels further break up
reflections, decorrelating any potential echoes.
The sofa also absorbs sound while serving another
function as furniture (from João Diniz Arquitetura).
Right, above: Figure 6.4.v. Analysis of the
angular geometry of the control room in plan. The
geometry prevents early reflections from reaching
the listener at the circle outlined in red, improving
clarity for the sitting engineer inside the control
room (adapted from João Diniz Arquitetura).
Right, below: Figure 6.4.vi. Variable acoustic
systems; 1: rotating panel system, 2: curtain system
(adapted from João Diniz Arquitetura).
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90

Opposite: center, bottom left, bottom center:
Figures 6.4.i, 6.4.ii, 6.4.iii. Photographs of the
Sonastério Music Studio main recording space
(from João Diniz Arquitetura).

2º

This project, a recording studio in Brazil, features a main
recording space, a control room, and two small recording
rooms. The main recording space is designed with live
recording in mind, with rotating acoustic diffuser panels and
curtains to subtly adjust the reverberation characteristic of
the space. The control room, which features loudspeakers
for an engineer to monitor performers or do precise listening,
uses angular geometry to prevent room modes and mitigate
early reflections, improving clarity. The control room also
uses wooden acoustic diffusers and fabric panel absorbers
in order to further treat the room.

.01º
154

Sonastério Music Studio
Recording studio, 685 m2
João Diniz Arquitetura, 2015
Morro do Chapéu, Brazil
Parameters of interest: Geometry, materials,
flexible acoustic systems

º

6.4 sonastério music studio (joão diniz arquitetura)
geometry, materials, flexible acoustic systems

1
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6.5 casa da musica (oma)
materials, geometry, volume

Casa da Música
Concert hall and cultural center, 54,000 m2
OMA, 2005 · Porto, Portugal
Parameters of interest: Materials, geometry,
volume
This project, a concert hall and cultural center, features a
shoebox hall with an adjustable acoustic ceiling diffuser and
artfully designed finishes, supporting sonic immersion with
lateral early reflections. The shoebox hall is unique in that it
employs several glazed openings, including the fully glazed
front and back walls, opening the interior program to the city
without compromising the acoustic environment inside. The
glass walls are massive, double-skinned, and feature a wave
pattern, resulting in a wall system that both prevents noise
from entering the spaces and diffuses sound on the inside.
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Opposite: center, top right, center right, bottom
right: Figures 6.5.i, 6.5.ii, 6.5.iii, 6.5.iv. Photographs
of the shoebox hall interior and exterior of the Casa
da Música (from OMA).
Right, above and below: Figures 6.5.v, 6.5.vi. Plan
and section drawings of the shoebox hall interior,
showing the room shape and adjustable ceiling
diffuser configurations (from OMA).

oma casa da música | precedent | 61

07 site analysis

The proposed site for the project is at 1301 Chattahoochee
Avenue Northwest, Atlanta, Georgia.
Located within the Works in the upper Westside, the proposed site
is close to the Beltline. The site is selected to create a synergy between
the proposed program and the surrounding land uses—by being sited
in a retail plaza, the project can engage in a functional dialogue with its
surroundings where its inhabitants have walking-distance access to the
Works’ restaurants and shops and pedestrians from the Beltline and the
Works can engage with the project to learn about architectural acoustics.
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6.1 geographical context

1. United States
2. Georgia
3. Cobb County
4. City of Atlanta

6.2 social context

5. Underwood Hills
6. The Works
7. Project site
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08 design outcomes

The proposed typology for the project is a music studio. In order to address
the purpose of the thesis, the project will include three experimental “sound
lab” spaces for testing the acoustic qualities of materials, assemblies, and
geometries, as well as for hands-on learning about how these properties
affect the acoustic response of a space.
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8.1 design parameters

8.2 design exploration

materials absorptive, reflective, diffusive

geometry form, angle, curvature

The materials that a room’s boundaries are made up of have a significant affect
on the quality of its reflections—the interior finishes can be “sound reflecting, sounddiffusing, or sound-absorbing, which can be achieved through a combination of material
selection and surface shaping” (Patel, 2019, pg. 45). These different functions can be
manipulated to impart different qualities, ranging from clarity through early reflections,
to echoes that may be undesirable in speech applications, to immersion—the quality of
being “enveloped” in sound within a space—and diffusion, where it becomes difficult
to locate reflected sounds and direct sounds are “not particularly prominent over the
reverberant sound” (Patel, 2019, pg. 46).

The form and proportions of a room have a major impact on its acoustical characteristics due to the
physical behavior of sound waves: according to Patel, “[a] room with a small plan area that is very tall
sounds very different to a space with a large plan area that has a low ceiling” (2019, pg. 44). Rooms that
have cube-like proportions are prone to standing wave issues, where frequency resonances build up at
specific points and are strongly attenuated at others—this is especially problematic in small rooms with
reflective surfaces like music practice rooms, music production studios, recording/broadcast studios,
or teleconferencing rooms (Patel, 2019, pp. 44–45; Ermann, 2015, pg. 113).
The shape of a room, too, has an effect on how sounds behave—for example, the inclined surface
that raked seating provides allows an equal amount of sound to reach more parts of an audience, and
in plan, room resonances and early reflections can be mitigated by angling walls and ceilings.

Far left: Figure 8.1.
Diagrams showing how sound
waves reflect in different room
shapes, and how standing
waves resonate in “modes” in
different room shapes (from
Patel, 2019, pg. 44).
Left: Figure 8.2. Diagrams
showing rooms shaped for
acoustic
performance
in
different sound applications
(from Ermann, 2015, pg. 75).

Program Requirements:
Specific to project:
Acoustic lab (~4,500 sq.ft.) | A flexible space for
developing and testing acoustic materials and
assemblies. Should be isolated from exterior
noises
Specific to typology:
Control room (~400 sq.ft. per room) | A room for
monitoring singers, instrumentalists, or recorded
music. Should be isolated from exterior noises.
Has geometric requirements (restrict right angles)
Isolation room (~100 sq.ft. per room) | A room for
recording singers or instrumentalists. Accessory to
control rooms, usually has an acoustically-sealed
window into them. Should be isolated from exterior
noises. Has geometric requirements (restrict right
angles)
General requirements:
Entrance or lobby (~500 sq.ft.)
Cafeteria or break room (~500 sq.ft.)

Size affects room acoustics by changing the reverberation time of a space—the
closer the walls of a room are to each other, the more often a sound will encounter
these walls and lose energy. This means that larger spaces are more prone to having
audible echoes—an echo will be heard after the sound that created it, rather than as
part of the sound, as in a smaller space.

Walls, floors, and ceilings are not the only things that define a space—the people within a room
also have an affect on the way sound behaves within that room. Furniture such as sofas or pews can
act as deep, absorbent mass that attenuates sound as it travels through a space. People also absorb
sound, and it makes designing symphonic concert halls for unamplified classical music a challenge—
this is particularly the case larger halls, because the amount of absorbent mass can literally reduce the
amount of sound energy traveling from the stage to the back of the audience (Ermann, 2015, pg. 76).
However, while this fact of life can present a challenge in some contexts, it can be put to good use
in others—sometimes, by reducing the reflected energy in a space, the “audience plane” can contribute
to the acoustic performance of that space; picture a physics lecture hall that is too “live” when it is
empty. By the time our lecture hall is full of students, it may very well be perfectly suited for speech
applications. In the same vein, a conveniently placed sofa may be the perfect functional absorber for a
control room in a music studio, or a new living room.

Utility requirements:
Bathrooms (~50 sq.ft. per bathroom)
Kitchen or kitchenette (~100 sq. ft.)
Storage (~30 sq. ft. per storage room)
Machine room

sound lab 2
material
(1250 sq. ft.)

sound lab 3
geometry
(750 sq. ft.)

Entrance

Level of privacy

transformable program occupancy, composition

sound lab 1
volume (2500 sq. ft.)

Public

volume proportion, size

sound lab 1
volume
(2500 sq. ft.)

Sound lab

Kitchen/ette

Private

Bathroom
Isolation room

Storage

control room 1
(150–500 sq. ft.)

control room 2
(150–500 sq. ft.)

control room 3
(150–500 sq. ft.)

Machine room

Mostly occupied
Mostly vacant
Level of activity

A degree of flexibility can be a “useful asset” in contexts where acoustic
performance is the main defining feature of a space, such as recording studios or
performance halls (Nowell, 2017, pg. 221). Acoustic spaces with static designs can
offer some level of flexibility, like in a room that is “live” on one side and “dead” on the
other, but a more compelling offering can be found in variable systems that can change
the decay time or reverberation quality of a space—the most basic of these include
“[r]etractable sound-absorbing banners or curtains” which can be opened to reduce
reverberations in a room, while more advanced mechanisms can raise and lower,
rotate, or swing on hinges to change the form or material of a space (Nowell, 2017, pg.
222; Ermann, 2015, pg. 73).
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Left: Figure 8.3. Examples
of “rotating acoustic control
devices”. Used across 15%
of a room’s surface area,
or towards 40%–60% of a
smaller room’s surface area,
mobile panels like those
shown here are capable of
changing a space’s acoustic
qualities (from Newell, 2017,
pg. 229).

sound lab 2
material
(1250 sq. ft.)

Cafeteria/lobby

Control room

flexible acoustic systems time, quality

control room 1
(160 sq. ft.)

Machine room
Storage
Bathroom
Kitchen/ette
Cafeteria/lobby
Entrance
Control room
Isolation room
Sound lab

sound lab 3
geometry
(476 – 750 sq. ft.)
control room 3
(248 sq. ft.)

vestibule/sound lock
(~400 - 500 sq. ft.)
Proximal

control room 2
(254 sq. ft.)

break room
(600 sq. ft.)

building
systems
closet
(~30
sq. ft. ea)
room
(200 sq. ft.)

storage
(40 sq. ft. ea.)

bathroom
(~50 sq. ft. ea.)

kitchen
(96 sq. ft.)

vestibule/sound lock
(516 sq. ft.)
break room
(600 sq. ft.)
building
systems room
(200 sq. ft.)
floated floor

combined utility
(342 sq. ft. total)
kitchen
(96 sq. ft.)

Distant
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sound lab 3
geometry
(476 – 750 sq. ft.)

floated floor

corridor
(208 sq. ft.)

floated floor

storage
(40 sq. ft. ea.)

control room 2
(254 sq. ft.)
floated floor

break room
(600 sq. ft.)

sound lab 2
material
(1250 sq. ft.)

vestibule/sound lock
(516 sq. ft.)

kitchen
bathroom (96 sq. ft.)
(35 sq. ft. ea.)

closet
(32 sq. ft.)

closet
(32 sq. ft.)

kitchen
bathroom (96 sq. ft.)
(35 sq. ft. ea.)

control room 3
(248 sq. ft.)

control room 3
(248 sq. ft.)

sound lab 3
geometry
(476 – 750 sq. ft.)

floated floor

corridor
(208 sq. ft.)

floated floor

vestibule/sound lock
(516 sq. ft.)

vestibule
(222 sq. ft.)
building
systems room
(200 sq. ft.)
floated floor

control room 1
(160 sq. ft.)
floated floor
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floated floor

sound lab 2
material
(1250 sq. ft.)
floated floor

corr.
(86 sq. ft.)

corr.
(86 sq. ft.)
floated floor

control room 2
(254 sq. ft.)

break room
(600 sq. ft.)

floated floor

sound lab 1
volume
(612 – 2500 sq. ft.)

closet
(20 sq. ft.)

bathroom
(70 sq. ft. ea.)

entry
(280 sq. ft.)

storage
(40 sq. ft. ea.)

sound lab 1
volume
(612 – 2500 sq. ft.)
floated floor

vestibule
(222 sq. ft.)
building
systems room
(200 sq. ft.)
floated floor

control room 1
(160 sq. ft.)

closet
(20 sq. ft.)

bathroom
(70 sq. ft. ea.)

entry
(280 sq. ft.)

floated floor
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8.3 acoustic exploration

sound lab 1 volume

The first and largest of the sound lab spaces focuses on manipulating
volume in a space. The lab features two folding, hinging walls on tracks, set
up to extend partially or fully in two directions. Combined, these walls are
capable of dramatically changing the volume of the space, and therefore the
amount of surface area that a sound will encounter and bounce off of within.

Above: Music sample, anechoic recording: RT 0.00 seconds. Provided as a reference to compare against recordings in simulated acoustic spaces.
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Above: Music sample, total area 2,500 sq. ft.
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Above: Music sample, total area 1,725 sq. ft.
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Above: Music sample, total area 1,155 sq. ft.
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Above: Music sample, total area 612 sq. ft.
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sound lab 2 material
Left: Figure 8.1. Selected
“rotating acoustic control
device” (Newell, 2017, pg.
229).

Schroeder diffuser panel
Above: Music sample, adjustable panels set to form diffuse sound environment.

Schroeder diffuser panel
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absorptive material

reflective material
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absorptive material

reflective material
Above: Music sample, adjustable panels set to form absorptive sound environment.
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Above: Music sample, adjustable panels set to form reflective sound environment.
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sound lab 3 geometry
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Above: Music sample, adjustable wall angle in non-operation (0º angle).

84

Above: Music sample, adjustable wall angle at 12º of operation.
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Above: Music sample, adjustable wall angle at 24º of operation.
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Above: Music sample, adjustable wall angle at 36º of operation.
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Senses of place: architectural design for the
multisensory mind
Charles Spence
Abstract
Traditionally, architectural practice has been dominated by the eye/sight. In recent decades, though, architects and
designers have increasingly started to consider the other senses, namely sound, touch (including proprioception,
kinesthesis, and the vestibular sense), smell, and on rare occasions, even taste in their work. As yet, there has been little
recognition of the growing understanding of the multisensory nature of the human mind that has emerged from the field
of cognitive neuroscience research. This review therefore provides a summary of the role of the human senses in
architectural design practice, both when considered individually and, more importantly, when studied collectively. For it is
only by recognizing the fundamentally multisensory nature of perception that one can really hope to explain a number
of surprising crossmodal environmental or atmospheric interactions, such as between lighting colour and thermal
comfort and between sound and the perceived safety of public space. At the same time, however, the contemporary
focus on synaesthetic design needs to be reframed in terms of the crossmodal correspondences and multisensory
integration, at least if the most is to be made of multisensory interactions and synergies that have been uncovered in
recent years. Looking to the future, the hope is that architectural design practice will increasingly incorporate our growing
understanding of the human senses, and how they influence one another. Such a multisensory approach will hopefully
lead to the development of buildings and urban spaces that do a better job of promoting our social, cognitive, and
emotional development, rather than hindering it, as has too often been the case previously.
Keywords: Multisensory perception, Architecture, The senses, Crossmodal correspondences
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Pallasmaa, J. (2007). “An architecture of the seven senses,” in Questions
of perception: Phenomenology of architecture, eds. Holl, S.,
Pallasmaa, J., Perez-Gomez, A. William K. Stout Publishing.
This selection and the next focus on architectural phenomenology, elucidating the
acoustic world of the built environment and explaining its importance—both within the
human evolutionary context and within contemporary architecture. In “An Architecture
of the Seven Senses,” Pallasmaa discusses the contemporary decay of architecture
from a fully plastic and phenomenal art form into one dominated by sight and vision.
Pallasmaa, J. (2012). “Architectures of hearing and smell,” in The
eyes of the skin: Architecture and the senses. Wiley.
This selection and the previous focus on architectural phenomenology, elucidating
the acoustic world of the built environment and explaining its importance—both
within the human evolutionary context and within contemporary architecture. In
“Architectures of Hearing and Smell,” Pallasmaa posits on the nature of the senses
in relation to the exterior world. He also speaks about the spatial nature of hearing.
Patel, R. (2019). Architectural acoustics: A guide to integrated thinking. RIBA Publishing.
This book covers the fundamentals and terminology of architectural
acoustics and analyzes different case studies from 24 different
typologies. In the introduction, Patel explains why architectural acoustics
is important despite its absence in architectural education.

Architecture exerts a profound influence over our wellbeing, given that the majority of the world’s population living in urban areas spend something like 95% of their time
indoors. However, the majority of architecture is designed
for the eye of the beholder, and tends to neglect the nonvisual senses of hearing, smell, touch, and even taste. This
neglect may be partially to blame for a number of problems
faced by many in society today including everything from
sick-building syndrome (SBS) to seasonal affective disorder
(SAD), not to mention the growing problem of noise pollution. However, in order to design buildings and environments that promote our health and well-being, it is
necessary not only to consider the impact of the various
Correspondence: charles.spence@psy.ox.ac.uk
Department of Experimental Psychology, Crossmodal Research Laboratory,
University of Oxford, Anna Watts Building, Oxford OX2 6GG, UK

senses on a building’s inhabitants, but also to be aware of
the way in which sensory atmospheric/environmental cues
interact. Multisensory perception research provides relevant
insights concerning the rules governing sensory integration
in the perception of objects and events. This review extends
that approach to the understanding of how multisensory
environments and atmospheres affect us, in part depending
on how we cognitively interpret, and/or attribute, their
sources. It is argued that the confusing notion of synaesthetic design should be replaced by an approach to multisensory congruency that is based on the emerging literature
on crossmodal correspondences instead. Ultimately, the
hope is that such a multisensory approach, in transitioning
from the laboratory to the real world application domain of
architectural design practice, will lead on to the
development of buildings and urban spaces that do a better
job of promoting our social, cognitive, and emotional
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